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RESEARCH
ABSTRACT
Phytate is the dominant storage form of phospho-
rus (P) in mature cereal and oil grains. Phospho-
rus bound in phytate is nutritionally unavailable 
to monogastric animals and thus contributes 
to water pollution because it is excreted in the 
waste. Also, phytate can chelate certain miner-
als and exacerbate human mineral defi ciencies. 
Our primary objective was to develop a rapid 
and inexpensive method of measuring phytate 
and inorganic P (Pi) concentrations in maize 
(Zea mays L.). The procedure reported herein 
was derived from previously published assays 
and used to screen 50 inbred lines to determine 
its potential in a selection program. Grain yield, 
protein, oil, methionine, lysine, tryptophan, and 
kernel weight were also measured. Field repeat-
ability values for phytate and Pi (0.78 and 0.91, 
respectively) suggest that our protocol can be 
used to make heritable measurements on both 
traits. Phytate measurements taken with the 
procedure reported herein matched closely 
those obtained through ion exchange. The com-
bination of adequate precision and simplicity 
make this method ideal for breeders interested 
in improving Pi and phytate levels simultane-
ously. The positive phytate:protein correlation 
reported commonly was also detected in this 
study. A relationship between phytate and ker-
nel weight indicates that selection for low phy-
tate may result in larger kernels.
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In mature seeds, typically 65 to 80% of total P is in the form of phytic acid (myo-inositol-1,2,3,4,5,6-hexakiphosphate), which 
can make up one to several percent of the seed dry weight (reviewed 
in Raboy, 2002). Nearly all the phytic acid found in mature seeds 
is bound to minerals such as K+, Mg2+, Ca+, Zn+, Ba2+, and Fe3+ 
to form a mixed cation salt known as phytate (reviewed in Lott 
et al., 2000). Inorganic P and cellular P (a component of cellular 
membranes, DNA, RNA, etc.) are other forms of P in seeds and 
are generally referred to as “available P” (Raboy, 2001).
Lott et al. (2000) estimated that 65% of the elemental P sold 
and applied as fertilizer worldwide is sequestered into harvested 
crop seeds and fruits as phytic acid. Cereal grains and oil seeds 
have particularly high concentrations of phytate (O’Dell, 1972), 
which is known to negatively impact the environment as well as 
human and animal nutrition. Because monogastric animals such as 
swine and poultry lack the enzyme phytase, most of the P in their 
maize-based diets passes in their feces onto the landscape, where it 
contributes to surface water eutrophication (Sharpley et al., 1994). 
The bioavailability of P in maize-based diets is only 15% (Crom-
well and Coff ey, 1991), which results in P supplementation to meet 
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animal nutritional requirements. Also, as a strong chelator 
of nutritionally important minerals such as iron and zinc 
(Erdman, 1981), phytate contributes to human micronutri-
ent defi ciencies in developing countries (Raboy, 2002).
Many of the problems associated with P in maize 
grain are not due to the concentration of total P per se, 
but rather to the fact that most of the P is bound in phytate 
(Raboy, 2001). Therefore, it would be desirable to increase 
the amount of available P and reduce the amount of phy-
tate in maize grain. Low phytic acid (lpa) mutant lines 
that have greatly reduced amounts of phytate, and con-
comitant increases in P
i
 have been developed in a variety 
of crop species, including maize, and have provided valu-
able information regarding the biochemical, physiologi-
cal, and nutritional roles of phytate (Raboy et al., 2001; 
Raboy, 2002). However, slight yield reductions among 
these lpa lines have been reported in maize (Ertl et al., 
1998), and germination problems have been observed in 
other crops (Hulke et al., 2004). Another approach would 
be to develop a selection program designed to decrease 
phytate and increase P
i
 simultaneously. The success of 
modifi cation through selection depends on the ability 
to diff erentiate germplasm by the measurement of traits 
in a high-throughput, inexpensive, and precise manner 
that can be incorporated into normal breeding operations. 
Methods have been developed for the measurement of 
phytate in plant material, grain samples, and feedstuff s, 
but most are expensive or time-consuming, requiring 
heating, cooling, washing, and multiple rounds of cen-
trifuging. Inorganic P assays have been mainly used to 
qualitatively identify lpa mutants, but quantitative deter-
minations of P
i
 for a large set of normal maize lines have 
not been reported.
It was our objective to design and report an assay 
for the simple and quantitative measurement of phytate 
and P
i
 in ground maize kernels from fi eld plots. We used 
this protocol to estimate phytate and P
i
 concentrations 
in kernels from 50 inbred lines grown in the summer of 
2004. Phytate measurements were validated by selecting 
a subset of samples and sending them to NP Analytical 
Laboratories (St. Louis, MO) for phytate determination 
by ion exchange chromatography. Yield, kernel weight, 
protein, oil, lysine, tryptophan, and methionine were 
also measured. The coeffi  cient of variation (CV), genetic 
coeffi  cient of variation (CV
G
), and repeatability for each 
trait and phenotypic correlations between traits were cal-
culated. This study provides insight into the possibility 
of simultaneously modifying amounts of phytate and P
i
 
through selection, provides estimates of phenotypic cor-
relations that may be important during selection, and 
determines diff erences between inbred backgrounds with 
respect to the traits of interest. A detailed description of 
the experimental design, lab protocol, and analysis of phy-
tate and P
i
 will be given.
MATERIALS AND METHODS
Genetic Material
A set of 50 inbred lines representing the Iowa lines from B73 to 
B129, 4 North Carolina lines, 1 Nebraska line, Mo17, and 10 
unreleased lines were included in this study and are presented 
in Table 1. Twenty entries in this group represent stiff -stalk (SS) 
and 30 entries represent non-stiff -stalk (NSS) germplasm.
Field Design and Sampling
The 50 lines were grown in a randomized complete block design 
(RCBD) with two replications at Ames, IA, during the summer of 
2004. Plots consisted of two rows 5.49 m long with 0.76 m between 
rows. The plots were overplanted and thinned to a uniform plant 
density of 62,140 plants ha–1. The lines were allowed to open pol-
linate, and both rows were hand-harvested to estimate yield and 
collect grain samples. An approximately 454-g grain sample was 
taken from each fi eld plot and stored. A subsample of 30 whole 
kernels was taken from each fi eld plot sample and milled so that 
70% of the millings passed through an 80-μm mesh screen.
Traits
Yield was estimated by hand-harvesting both rows, drying the 
ear grain down to 15% moisture, weighing the shelled grain, 
and converting to Mg ha–1. Protein and oil contents were pre-
dicted by near-infrared refl ectance of whole grain in the Iowa 
State Grain Quality Laboratory. Kernel weight was represented 
as the mass of 250 whole kernels. Amino acids were quantifi ed 
using a microbial assay (Scott et al., 2004). Protein in 10-mg 
grain samples was extracted and hydrolyzed in wells of a 96-
well plate with 0.2 mg mL–1 pepsin in 200 mM KCl pH 2.0. 
This extract was then used to supplement M9 minimal media 
(Sambrook and Russel, 2001) inoculated with a strain of Esch-
erichia coli auxotrophic for the amino acid being measured. For 
methionine, strain P4X ( Jacob and Wollman, 1961) was used, 
for tryptophan strain CAG18455 (Singer et al., 1989) was used, 
and for lysine strain KL224 (Birge and Low, 1974) was used. 
Bacteria were grown until the culture reached a plateau in 
cell density, which was quantifi ed by the scattering of 595-nm 
light. Standards of pure amino acids were used to verify that the 
amount of extract used fell into the linear range of the assay and 
to convert optical density values into amino acid concentra-
tions. Each sample was measured in triplicate.
Measurement of Phytate and Pi
The colorimetric assays of Vaintraub and Lapteva (1988) and 
Raboy et al. (2000) were modifi ed and used to quantify relative 
phytate and P
i
 concentrations per sample, respectively. Three 
analytical replications per fi eld block were used where each 
replication contained all 50 plots in a fi eld block along with 10 
standards on a 96-well plate randomized in a row–column lat-
tice design. Ten milligrams ( ±0.2 mg) ground whole kernels 
from each subsample was placed in assigned wells, and 200 μL 
of 0.65 M HCl was added to each well. The 96-well plates were 
shaken at room temperature overnight (∼12 h) and then centri-
fuged at 3000 rpm for 20 min.
Two additional 96-well evaluation plates were used to measure 
phytate and P
i
 from the samples in each extraction plate. Thirty 
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Table 1. Means for yield, inorganic phosphorus (Pi), phytate, methionine (M), lysine (K), tryptophan (W), protein, oil, and kernel 




Yield Pi Phytate M K W Protein Oil
Kernel 
weight†
Mg ha–1 ———————————————————— g kg–1———————————————————— g 250K–1 
B73 SS 5.82 0.26 3.27 1.30 1.18 0.77 80.0 38.5 70.0
B84 SS 4.60 0.28 3.40 1.41 1.42 0.72 86.5 33.0 71.9
B90 NSS 2.57 1.06 3.31 1.30 1.32 1.14 113.5 37.5 73.5
B91 NSS 3.81 0.53 3.26 1.05 1.17 0.91 102.5 37.0 61.9
B97 NSS 5.25 0.94 3.38 0.87 1.21 0.75 92.0 36.0 82.2
B99 NSS 3.54 0.67 3.45 1.08 1.02 0.78 102.5 33.5 61.7
B100 NSS 4.36 0.83 3.46 1.24 1.39 0.84 95.0 38.5 65.9
B101 SS 3.30 0.24 3.39 1.65 2.15 0.91 101.5 38.0 56.0
B102 NSS 4.41 0.76 3.51 1.20 1.18 0.76 96.0 39.0 67.5
B103 NSS 3.49 0.51 3.37 1.39 1.64 0.81 96.0 38.0 71.6
B104 SS 6.17 0.86 2.40 1.13 0.86 0.75 78.0 34.0 79.9
B105 SS 5.44 0.18 3.71 1.29 1.72 0.81 95.0 46.0 56.2
B106 NSS 6.30 0.62 3.55 0.86 1.39 0.69 91.5 36.5 60.5
B107 NSS 3.25 0.56 3.40 1.12 1.50 1.06 91.0 37.0 72.4
B108 NSS 5.22 0.60 3.58 1.16 1.00 0.74 100.0 35.5 60.8
B109 SS 6.71 0.32 3.22 1.48 1.23 0.76 87.0 38.0 68.4
B110 SS 6.52 0.34 2.80 1.07 1.13 0.76 85.4 35.5 67.2
B111 SS 5.76 0.23 3.48 1.25 1.24 0.85 84.5 36.5 64.5
B112 NSS 5.52 0.77 2.89 1.08 1.60 0.78 81.5 35.0 65.6
B113 NSS 4.25 0.78 3.27 1.20 1.71 0.64 98.0 34.5 65.4
B114 NSS 5.33 0.73 3.38 1.18 1.60 1.04 87.0 37.0 73.8
B115 NSS 2.87 0.89 3.25 1.31 1.40 0.92 108.5 43.0 76.8
B116 NSS 7.71 0.99 3.16 1.00 1.55 0.75 99.0 35.0 81.1
B117 NSS 4.90 0.66 2.94 1.09 0.96 0.71 105.5 35.5 77.7
B118 NSS 4.90 0.77 3.44 0.95 1.07 0.76 102.5 37.0 78.4
B119 SS 5.66 0.23 3.39 0.86 1.30 0.95 72.6 37.1 70.5
B120 NSS 4.84 0.52 3.23 1.40 1.11 0.87 93.5 34.5 66.8
B121 NSS 7.44 0.38 2.92 1.16 0.84 0.69 78.5 36.0 71.2
B122 NSS 5.41 0.94 2.82 1.19 1.42 0.76 93.5 36.0 65.9
B123 NSS 3.54 0.88 4.09 1.25 1.32 0.82 109.0 39.0 43.2
B124 NSS 5.03 0.87 3.26 1.28 1.08 0.69 102.6 36.0 59.0
B125 NSS 3.63 0.69 3.44 1.50 1.09 0.75 97.0 35.5 65.4
B126 SS 3.90 0.85 3.76 1.34 1.78 0.66 118.5 31.5 73.2
B127 SS 6.01 0.45 3.02 1.17 1.24 0.80 87.5 32.5 73.6
NC394 NSS 1.43 0.86 3.39 1.02 1.20 0.81 93.5 38.5 60.4
B129 SS 6.01 0.63 3.05 1.17 1.42 0.70 89.5 34.5 79.8
N196 SS 3.65 0.53 2.74 1.35 1.28 0.81 91.0 38.5 67.0
Mo17 NSS 5.44 0.55 3.30 0.65 1.73 0.84 96.5 35.0 79.9
B73/B89‡ SS 6.06 0.54 2.94 1.28 0.98 0.72 78.5 38.5 74.0
BS31(R)C0‡ SS 4.71 0.44 3.53 1.42 1.02 0.69 96.5 36.0 55.7
BSKRL1(HI)C1‡ SS 4.95 0.58 3.20 1.13 1.20 0.59 81.4 32.9 79.9
BSKRL1(HI)C1‡ SS 7.41 0.34 2.85 0.92 1.31 0.79 70.6 36.1 67.9
BS32(R)C0‡ NSS 3.57 0.58 3.15 1.08 1.25 0.67 99.0 46.0 72.2
BSKRL2(H1)C1‡ NSS 4.52 0.51 3.36 1.12 1.12 0.80 102.5 36.0 47.6
NC386 NSS 4.82 0.41 3.16 1.01 0.89 0.66 78.5 42.0 64.1
B97/B99‡ NSS 5.87 0.79 2.80 0.98 1.12 0.69 89.5 36.0 67.3
BS13(S)C8‡ SS 9.14 0.44 2.96 0.97 0.95 0.87 70.0 38.0 65.6
NC376 SS 2.84 0.58 3.63 1.21 1.23 0.74 89.5 34.0 71.6
BSCB1(R)C12‡ NSS 3.54 0.39 3.39 1.53 1.29 0.81 116.0 36.0 65.6
NC432 SS 7.12 0.32 2.94 1.38 1.07 0.72 75.5 38.0 65.2
SS§ 5.57* 0.43** 3.18 1.24 1.29 0.77 86** 36.0 68.9
NSS§ 4.55* 0.70** 3.29 1.14 1.27 0.80 97** 37.0 67.5
Mean 4.98 0.59 3.25 1.18 1.28 0.79 93.0 37.0 68.1
*Signiﬁ cant at the 0.05 probability level.
**Signiﬁ cant at the 0.01 probability level.
†Kernel weight units are grams per 250 whole kernels.
‡Uncoded inbred lines.
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 maintaining randomized sample position. Equal volumes of the 
P
i
 or phytate quantitative standards were placed in assigned wells. 





 (Sigma P-5379) were used for the phytate and P
i
 stan-
dards, respectively. Stock solution of the phytate standard was pre-
pared by dissolving 10 mg per 1 mL of 0.65 M HCl. Stock solution 
of P
i




 in 250 mL of 0.65 
M HCl. For the measurement of P
i
, 130 μL distilled deionized H
2
O 
and 100 μL P
i
 reagent were added to each well. The P
i
 reagent was 
made immediately before use and consisted of 2 parts deionized 
H
2
O, 1 part 0.02 M ammonium molybdate, 1 part 0.57 M ascorbic 
acid, and 1 part 3 M sulfuric acid. A blue color developed after 15 
to 20 min at room temperature, at which time the optical density at 
820 nm (OD
820
) was measured using a 96-well spectrophotometer. 
For the measurement of phytate, 200 μL Wade reagent was added 
to each well and allowed to react for 15 min at room temperature, at 
which time OD
490
 was measured. Wade reagent could be stored in 





O, and 150 mL deionized H
2
O. The above solu-
tion was refrigerated overnight and adjusted to a pH of 3.05 with 
NaOH the following day. After pH adjustment, deionized H
2
O 
was added for a fi nal volume of 200 mL. This method of phy-
tate measurement will be hereafter referred to as “modifi ed Wade 
assay.” Phytate was converted to phytate P by dividing phytate by 
3.55 (Raboy and Dickinson, 1984).
Three groups comprising three entries each were identifi ed 
as having low, intermediate, and high phytate concentrations 
according to the modifi ed Wade assay. Both fi eld plot samples 
of each selected entry were sent to NP Analytical Laboratories 
(St. Louis, MO) for phytate analysis using their ion exchange 
method. This method consists of chromatographic separation 
of phosphorus-containing compounds, which are then quanti-
fi ed by hydrolysis and colorimetric measurement of the resulting 
phosphorus following reaction with ammonium molybdate. All 
phytate values reported in this paper actually represent phytate P 
values. Phytate was converted to phytate P by dividing the mea-
sured values of phytate by 3.55 (Raboy and Dickinson, 1984).
Statistical Analysis
The data set from this experiment consisted of two levels, labo-
ratory and fi eld plot data, and outliers were removed at each 
level according to Anscombe and Tukey (1963). Phytate, P
i
, 
lysine, methionine, and tryptophan data were analyzed statis-
tically at the laboratory level and reanalyzed at the fi eld plot 
level along with yield, protein, oil, and kernel weight data. 
Predictions of P
i
, phytate, lysine, methionine, and tryptophan 
concentrations were made using a single standard curve within 
each fi eld block. Least-squares means of kernel constituent con-
centrations were estimated for each fi eld plot and subsequently 
treated as single plot measurements.
To estimate the laboratory repeatability for these traits, a 
completely random model was fi t, and repeatability (r
L
) was cal-
culated as 2 2 2L L L e/[ ( / )]r r= σ σ + σ , where r is the number of lab 
replications per fi eld block (r = 3), 2Lσ  is line variance, and 2eσ  
represents error variance at the laboratory level.
Data on all traits in this experiment at the fi eld plot level 
were analyzed as a RCBD with both line and replication fi t 
as random eff ects. Field plot repeatability was estimated as 
2 2 2
F L L e/[ ( / )]r r= σ σ + σ , where r is the number of fi eld replica-
tions (r = 2). Variance components were estimated at the fi eld 
plot level in this case. Line means were used for the calculation 
of correlation coeffi  cients between each trait. Contrasts between 
heterotic groups, SS and NSS, were made for each trait. The 
CV
G
 was computed by dividing the standard deviation of the 
entry means by the experiment mean. The CV was determined 
by dividing the square root of the mean square error by the 
experiment mean. CV
G
 and CV values were expressed as per-
centages. Phytate values obtained by the modifi ed Wade assay 
were compared to phytate values measured by ion exchange 
chromatography (NP Analytical Laboratories) through simple 
linear regression and correlation of line means. Means for each 
group (low, intermediate, and high phytate) were calculated for 
each method of measurement (Table 2).
RESULTS AND DISCUSSION
The standard curves used to predict phytate and P
i
 in this 
study were plots of the concentration of known standards 
versus the standard OD in each assay. These plots were 
highly linear with R2 values greater than 0.95 and 0.99 for 
phytate and P
i
, respectively. The strong linear relationship 
between OD and standard concentration indicate that these 
standard curves can accurately predict the relative concen-
tration of phytate and P
i
 in our samples. A nonsignifi cant 
Anderson-Darling statistic (P > 0.10) and examination of 
normal probability plots confi rmed that the distributions 
of both phytate and P
i
 values did not signifi cantly deviate 
from normality. Coeffi  cients of  variation are displayed in 
Table 3 and ranged from 2.5% for protein to 16.5% for P
i
. 
Line was a highly signifi cant (P < 0.01) source of variation 
for all traits measured. The CV
G
 can be used to compare 
degree of variability across traits with diff erent units of 
Table 2. Phytate values of lines selected to represent low, 
intermediate, and high levels of phytate concentration based 
on the modiﬁ ed Wade assay. Pearson’s correlation coef-




Wade assay† Ion exchange‡
————— g kg–1—————
B104 Low 2.40 1.39
N196 Low 2.74 1.80
B110 Low 2.80 1.79
B113 Intermediate 3.27 1.92
B73 Intermediate 3.27 1.94
Mo17 Intermediate 3.30 2.15
B105 High 3.71 2.45
B126 High 3.76 2.61
B123 High 4.07 2.70
LSD (0.05) 0.32 0.30
Group mean
   Low 2.65 1.71
   Intermediate 3.28 2.01
   High 3.79 2.59
†Modiﬁ ed assay of Vaintraub and Lapteva (1988).
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measurement. According to the CV
G
 values estimated, P
i
 
and yield were highly variable compared to protein, oil, 
kernel weight, and phytate. An intermediate level of vari-
ability was found for the three amino acids (Table 3).
Repeatability values were calculated for each trait (Table 
3). We used lab repeatability (r
L
) to refl ect the reliability of 
measurements within fi eld plots, and fi eld repeatability (r
F
) 
to refl ect the reliability of measurements within inbred lines 
but from diff erent fi eld plots. Repeatabilities are unitless and, 
to an extent, can be used to compare the quality of data for 
individual traits. However, repeatability is also a function 
of genetic variability and sets an upper limit to heritabil-
ity (Falconer and Mackay, 1996). The high r
L
 values for P
i
 
and phytate (>0.87) indicated that multiple measurements 
within fi eld plots were performed with a good degree of pre-
cision. Lower r
F
 values suggest that kernel sampling, milling, 





 was 0.91, one the highest among the traits 
included in this study. This result shows that P
i
 can be mea-
sured in a quantitative manner and may be very responsive 
to selection. The r
F
 of phytate (0.78) was relatively low, and 
therefore, phytate may be less heritable when measured using 
the modifi ed Wade reagent assay. The CV of phytate was 
6.0%, an acceptable value. When taken together with the 
CV
G
, the lower repeatability of phytate analysis was likely 
due to less genetic variability or assay sensitivity.
Phytate measurements using the modifi ed Wade 
assay were validated by sampling lines with low, inter-
mediate, and high levels of phytate and sending them to 
NP Analytical Laboratories (St. Louis, MO) for phytate 
determination by an ion exchange method. Overall, val-
ues obtained with our rapid, modifi ed Wade assay agreed 
very well with the phytate concentrations predicted by ion 
exchange on a relative basis. The downward bias of the 
ion exchange method relative to the modifi ed Wade assay 
may be due to diff erent extraction procedures or other 
small diff erences in method. The correlation between the 
two methods of phytate determination was 0.95. The rela-
tionship between the modifi ed Wade assay values and the 
ion exchange values is displayed in Fig. 1.
The trait means for all 50 inbred lines included in this 
study are presented in Table 1, along with the SS, NSS, and 
experiment means. Because this study included only one 
environment, we can make only limited conclusions on the 
relative performance of these inbred lines. However, several 
previous authors investigating phytate and total P in diff erent 
crops reported either nonsignifi cant genotype × environ-
ment interactions or little to no rank changes among geno-
types across environments (Miller et al., 1980; Raboy et al., 
1984; Wardyn and Russell, 2004). Therefore, we believe the 
measurements of these grain P-related traits in one environ-
ment should, at least, separate truly superior and inferior lines. 
Line B90 had a P
i
 concentration 0.47 g kg–1 greater than the 
study mean. B90 has additional high grain quality charac-
teristics, ranking third in protein content (114 g kg–1), fi rst 
in tryptophan concentration, and greater than average for 
methionine and lysine contents. However, B90 ranked 49th 
among the 50 inbred lines with respect to yield. B104 was 
determined to have the lowest phytate concentration (2.40 
g kg–1), but lower than average protein, tryptophan, lysine, 
and  methionine contents. Because the lines included in this 
experiment include a nearly equal number from SS and NSS 
genetic backgrounds, diff erences between these sources with 
respect to any of the traits evaluated can be determined and 
are of relevance to a breeding program designed to alter spe-
cifi c traits. Signifi cant diff erences were found for yield, P
i
, 
and protein, with the SS heterotic group having a greater 
yield. Higher values of P
i
 and protein were found generally 
among the NSS lines (Table 1).
Correlation coeffi  cients between traits are presented 
in Table 4. Correlations were calculated to identify trait 
relationships that should be considered during the process 
of improving lines or germplasm for phytate or P
i
, as well 
as to compare our results with previously reported correla-
tions to determine if similar relationships exist within this 
set of public inbred lines. The correlation between phy-
Table 3. Estimated ﬁ eld level variance components (line = σ2L, error = σ2e ); lab and ﬁ eld repeatabilities (rL and rF, respectively); 
coefﬁ cient of variation (CV); mean, minimum, and maximum values; and genetic coefﬁ cient of variation (CVG) for each trait.
Trait Unit σ2L σ2e rL† rF CV Mean Min Max CVG
FB 1 FB 2
Yield Mg ha–1 1.97 0.49 0.89 14.1 4.98 1.43 9.14 30.0
Pi g kg
–1 0.048 0.0096 0.98 0.99 0.91 16.5 0.59 0.18 1.04 39.0
Phytate g kg–1 0.86 0.49 0.87 0.89 0.78 6.0 3.25 2.40 4.09  9.4
Methionine g kg–1 0.034 0.008 0.79 0.94 0.89 7.6 1.18 0.65 1.65 16.4
Lysine g kg–1 0.061 0.019 0.81 0.81 0.87 11.0 1.28 0.84 2.15 20.8
Tryptophan g kg–1 0.008 0.006 0.88 0.39 0.73 9.7 0.79 0.59 1.14 13.5
Protein g kg–1 126.20 5.24 0.98 2.5 92.6 70.0 118.5 12.3
Oil g kg–1 7.67 1.25 0.92 3.1 36.8 31.5 46.0  7.8
Kernel weight g 250 K–1‡ 66.10 3.92 0.97 2.9 68.1 43.2 82.2 12.1
†Lab repeatability calculated for both ﬁ eld block 1 (FB 1) and ﬁ eld block 2 (FB 2); only one measurement per ﬁ eld plot was taken where rL is not shown.
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largely a function of endosperm size. This was not necessar-
ily the case in our study (Fig. 2).
In summary, this study indicates that breeders can make 
repeatable and thus possibly heritable measurements of P
i
 and 
phytate in an inexpensive, high-throughput manner. Using 
the method described herein, 11 to 12 hours of human labor 
are needed to analyze 100 samples in triplicate for P
i
 and 
phytate. The majority of this labor (9 h) is required for prepa-
ration of the extraction plates. Once the extraction plates are 
prepared, rapid measurements of P
i
 and phytate can be made 
simultaneously. To increase sample throughput further, we are 
evaluating ways of circumventing the weighing of exactly 10 
mg of kernel tissue into individual wells. The original assay 
for P
i
 that we modifi ed is typically used to qualitatively iden-
tify lpa mutants (Raboy et al., 2000). Our results suggest that 
this assay can be used for the quantitative determination of P
i
 
as well, and that P
i
 may be very responsive to selection, given 
the range of concentrations detected in this study. According 
to the CV, phytate measurements with the modifi ed Wade 
assay were made with an acceptable level of precision. Also, 
this rapid phytate method produced values that agreed well 
with values obtained through ion exchange chromatography. 
Figure 1. Relationship between phytate measurements obtained 
through the modiﬁ ed Wade assay and ion exchange (Ralston 
Analytical Laboratories, St. Louis, MO). Pearson’s correlation 
coefﬁ cient between the two phytate measurements was 0.95.
tate and P
i
 was near zero, which contrasts the phytate:P
i
 
relationship found in lpa mutant lines. The lpa lines have 
similar levels of total P relative to normal lines because the 
drastic reduction in phytate is compensated for by P
i
 or 
lower-level myo-inositol phosphates (Raboy, 2002). How-
ever, a strong, positive relationship between phytate and 
total P is commonly found among normal lines (Raboy et 
al., 2001), which indicates that the nonphytate P fraction 
is generally stable or is positively correlated with phytate. 
Selection for reduced phytate alone would likely reduce 
total P rather than alter the form of P like that found in 
lpa mutant lines. Our results show that selection for both 
reduced phytate and increased P
i
 is certainly possible. For 
instance, B104 had the lowest phytate concentration and a 
P
i
 concentration 46% greater than the P
i
 mean. The posi-
tive correlation found between phytate and protein (r = 
0.51) is undesirable when breeding for superior overall 
nutritional properties. The positive relationship between 
phytate and protein detected in the present study is con-
sistent with a secondary selection response reported by 
Raboy et al. (1989) on analysis of the Illinois low- and 
high-protein lines in their 83rd generation of divergent 
selection. Raboy et al. (1984) also found a positive seed 
phytate:protein correlation among soybean (Glycine max) 
and G. soja lines. A negative correlation between yield and 
phytate indicates that development of high-yielding lines 
with lower phytate should be an attainable goal. Unfortu-
nately, a negative correlation between P
i
 and yield was also 
found. A weak correlation between phytate and lysine (r 
= 0.31) indicates that lowering phytate via selection may 
decrease this nutritionally limiting amino acid if attention 
is not given to this relationship.
An important relationship to consider before selecting 
for decreased whole kernel phytate is that between phytate 
and kernel size. Because we measured phytate concentra-
tion in ground whole kernels and ∼90% of phytate is found 
within the germ (O’Dell et al., 1972), kernels with larger 
endosperms should have a diluted concentration of phytate. 
Raboy et al. (1989) alluded to this when they investigated 
the relationship between high-oil maize 
lines and phytate. They speculated that 
whole kernel phytate and total P con-
centrations might be contingent on 
seed size and seed-organ ratio altera-
tions through indirect selection. We 
found a signifi cant, negative phytate:
kernel weight correlation (r = –0.39), 
in accordance with the idea that whole-
kernel phytate concentration decreases 
as seed size increases. This may be due 
to a larger endosperm to germ ratio and 
thus an increased amount of endosperm 
in the ground subsamples. However, 
this hypothesis assumes kernel size to be 
Table 4. Simple correlation coefﬁ cients between traits of inbred lines grown in 
Ames, IA, during the summer of 2004.
Trait Yield Pi
† Phytate Methionine Lysine Tryptophan Protein Oil
Mg ha–1 ——————————————————— g kg–1 ———————————————————
Pi −0.29*
Phytate −0.47** 0.03
Methionine −0.31* −0.19 0.17
Lysine −0.25 0.02 0.31* 0.16
Tryptophan −0.25 0.01 0.15 0.05 0.27
Protein −0.64** 0.46** 0.51** 0.28 0.30* 0.12
Oil −0.15 −0.15 0.11 0.06 0.03 0.18 0.01
Kernel weight‡ 0.19 0.21 −0.39** −0.27 0.00 −0.03 −0.17 −0.23
*Signiﬁ cant at the 0.05 probability level.
**Signiﬁ cant at the 0.01 probability level.
†Pi, inorganic phosphorus.
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Therefore, the lower repeatability of phytate concentration 
was likely due to a lack of genetic variance or assay sensitivity. 
Refi nement of the phytate assay or a search for more natural 
variation may be necessary to increase repeatability to the 
levels obtained with P
i
 measurements. Diluting and pH buff -
ering the extracts may improve results, since phytate recov-
ery is increased when extract pH is closer to 6.0 (Vaintraub 
and Lapteva, 1988). However, this would add another step, 
and it should be determined if the increased repeatability jus-
tifi es the decreased throughput.
The phenotypic correlations detected suggest that a form 
of multiple trait selection should be employed when develop-
ing lines and populations with enhanced yield and nutritional 
profi les. Selection for decreased whole-kernel phytate may 
result in lines with larger kernels. Finally, we not only devel-
oped rapid phytate and P
i
 assays, but also combined them 
with careful experimental design and statistical analysis com-
monly used by fi eld scientists to improve data quality. Such 
an approach should be considered when striving for simple, 
rapid measurements of quality traits not typically measured 
by breeders to improve repeatability and thus heritability.
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